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Cas et al. Black Swan paper: Highlights 
 
• Komatiites occur world wide in Archean Greenstone systems, and the 
emplacement origins are commonly debated in terms of extrusive versus intrusive. 
This paper reassesses the emplacement origins of the komatiite and dacite host 
rocks to the nickel sulfide mineralization at the Black Swan Mine in the Kalgoorlie 
Terrane, Yilgarn Craton, Western Australia, that were previously interpreted as an 
extrusive association of lavas. Important contact relationships, breccia textures and 
back-stripping the effects of alteration are used to re-interpret the succession as an 
intrusive system, involving intrusion of komatiite into pre-existing dacites. The 
criteria identified will be useful in other similar successions.  
Highlights
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Were intercalated komatiites and dacites at the Black 1 
Swan nickel sulfide mine, Yilgarn Craton, Western 2 
Australia emplaced as lavas or sills? The significance 3 
of breccia textures and contact relationships. 4 
 5 
R.A.F. Casa,*, K. Marksa, S. Perazzoa, S.W. Beresforda, b, 6 
J.Trofimovsa, c, and N. Rosengrena, d,  7 
 8 
a
 Monash Volcanology Research Group (MONVOLC), School of Geosciences, Monash 9 
University, Victoria, 3800, Australia. 10 
b Now Mining and Metals Group (MMG), Perth, Australia 11 
c Now National Oceanography Centre, Southampton, United Kingdom 12 
d Now BHP Billiton, Singapore 13 
 14 
Abstract 15 
Intercalated Archean komatiites and dacites sit above a thick footwall dacite succession in the 16 
host rock succession at the Black Swan Nickel Mine, north of Kalgoorlie in the Yilgarn Craton, 17 
Western Australia. Both vary in scale from laterally extensive at the scale of the mine lease to 18 
localized, thin, irregular bodies, and from > 100m thick to only centimetres thick. Although 19 
some dacites were emplaced after major deformation and alteration (late porphyries), the 20 
majority of the dacites display evidence of deformation, especially at contacts, 21 
metamorphism, varying from silicification and chlorite alteration at contacts to pervasive low 22 
grade regional metamorphic alteration represented by common assemblages of chlorite, 23 
sericite and albite . Texturally, the dacites vary from entirely massive and coherent to partially 24 
brecciated to totally breecciated. Strangely, some dacites are coherent at the margins and 25 
                                                 
* Corresponding author. Fax: +61 3 9905 4903. 
E-mail address: Ray.Cas@sci.monash.edu.au (R. Cas) 
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brecciated internally. Breccia textures vary from cryptically defined, to blocky, closely packed, 26 
in situ jig-saw fit textures with secondary minerals in fractures between clasts, to more 27 
apparent matrix rich textures with round clast forms, giving apparent conglomerate textures. 28 
Some clast zones have multi-coloured clasts, giving the impression of varied provenance. 29 
Strangely however, all these textural variants have gradational relationships with each other, 30 
and no bedding or depositional structures are present. This suggests that all textures have an 31 
in situ origin. The komatiites  are generally altered, pervasively carbonate veined, and 32 
preservation of original textures is patchy and local, but includes coarse adcumulate, 33 
orthoocumulate and occasionally spinifex textures. Where original contacts between 34 
komatiites and dacites are preserved intact (i.e.not sheared or overprinted by alteration), the 35 
komatiites have chilled margins, whereas the dacites do not. The margins of the dacites  36 
are commonly silicified, and inclusions of dacite occur in komatiite, even at the top contacts of 37 
komatiite units, but komatiite clasts do not occur in the dacites. The komatiites therefore were 38 
emplaced after the dacites, and the intercalated relationships are interpreted as intrusive. The 39 
brecciation and alteration in the dacites are interpreted as being largely due to hydraulic 40 
fracturing and alteration induced by contact metamorphic effects and hydrothermal alteration 41 
deriving from the intrusion of komatiites into the felsic pile. 42 
 43 
Keywords: Interleaved dacites and komatiites, intrusive origin, hydraulic fracture breccias, 44 
alteration 45 
 46 
1. Introduction 47 
 48 
Spinifex textured komatiites and adcumulate textured peridotites co-exist in 49 
many Archean greenstone belt, such as the Eastern Goldfields Province of 50 
the Yilgarn Craton in Western Australia. The emplacement origin of Archean 51 
komatiites has long been debated. The discovery of unique spinifex textures 52 
and the interpretation of their origin as resulting from rapid chilling and quench 53 
crystallization under supra-crustal cooling regimes by Viljoen and Viljoen 54 
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(1969) led to the interpretation of komatiites as volcanically erupted lava 55 
flows. Although peridotites with their adcumulate textures had long been 56 
interpreted as of intrusive origin (e.g. e.g. Mt. Keith; Burt and Sheppy, 1975),  57 
some authors have interpreted some peridotite bodieds as parts of extremely 58 
thick, thermally eroding komatiite lavas (e.g. Hill et al., 1995, 2004). More 59 
recently, however, critical appraisal of the textures, geometry and contact 60 
relationships with associated host rocks of komatiitic rock units indicates, not 61 
surprisingly, and as for every other igneous rock suite, that both komatiite lava 62 
flow systems and intrusions occur (e.g. Cas et al. 1999; Cas and Beresford, 63 
2001; Beresford and Cas, 2001; Beresford et al., 2002, 2005; Rosengren et 64 
al. , 2005, 2007; Trofimovs et al., 2004a). These studies have reinforced that 65 
the interpretation of the emplacement origins must be based on a case by 66 
case basis, on the merits of each rock succession.  67 
2.7 Ga komatiites and dacites are commonly intercalated in the 68 
northern part of the Eastern Goldfields Province, Yilgarn Craton, Western 69 
Australia. Although most komatiites in the Eastern Goldfields Province were 70 
originally interpreted as intrusions (e.g. Mt. Keith; Burt and Sheppy, 1975), 71 
they were then largely interpreted as lavas (e.g. Hill et al., 1995, 2004). 72 
Although some dacites associated with the komatiites are commonly 73 
coherent, massive porphyritic bodies, which is consistent with an intrusive 74 
origin (e.g. Trofimovs et al., 2004a), others contain significant breccias, 75 
suggesting a supracrustal origin (e.g. Trofimovs et al., 2004b; Rosengren et 76 
al., 2008).  77 
The host rock succession at the Black Swan Nickel Mine, Boorara 78 
Domain, Eastern Goldfields Province consists of such an association of 79 
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intercalated dacites, many with breccia textures, and komatiites, and it has 80 
been interpreted as an extrusive sequence of komatiite and dacite lavas (Hill 81 
et al., 1999, 2004). The dacites vary from centimetres to tens of metres thick, 82 
and although some units are massive and structureless, some have well-83 
developed breccia, and even conglomerate textures, interpreted by Hill et al., 84 
(1999, 2004) as autoclastic lava textures. The komatites also vary in thickness 85 
from centimeters to over one hundred metres, and are commonly carbonate 86 
veined. 87 
The aims of this paper are to re-assess emplacement origins of the 88 
komatiites and associated dacites in the Black Swan Mine host rock 89 
succession, based on a consideration of preserved textures, including the 90 
effects of alteration, and the nature of the contact relationships between the 91 
dacites and komatiites. This will provide guidelines for the interpretation of 92 
similar, extreme bimodal komatiite-dacite associations elsewhere. 93 
 94 
2. Geological setting 95 
 96 
The Archean Yilgarn Craton of Western Australia is a typical Archean 97 
greenstone-granite craton, consisting of deformed and metamorphosed, linear 98 
belts of ultramafic-mafic-felsic volcanic and sedimentary rocks, separated by 99 
syn- to post-tectonic granitoid batholiths (e.g. Myers. 1995, 1997; Swager, 100 
1997; Swager et al., 1997; Korsch and Blewett 2010; Fig. 1). The Eastern 101 
Goldfields Province or Superterrane, recently also called the eastern Yilgarn 102 
Craton, is one of the most mineralized regions in the world, hosting world 103 
class komatiite-hosted nickel sulphide deposits (e.g. Mt. Keith, Perseverance), 104 
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and orogenic gold deposits (e.g. Kalgoorlie Golden Mile, St. Ives camp). The 105 
Eastern Goldfields Province has been subdivided into several tectono-106 
stratigraphic terranes, of which the Kalgoorlie Terrane has been the most 107 
studied in terms of its geological history (e.g. Barley and Groves, 1990; Morris 108 
and Witt, 1997; Myers, 1997; Swager, 1997; Swager et al., 1997; Krapez et 109 
al., 2000; Brown et al., 2002; Hand et al., 2002; Weinberg et al., 2003; 110 
Trofimovs et al. 2006; Blewett et al. 2010). The Kalgoorlie Terrane has in turn 111 
been subdivided into six tectono-stratigraphic domains, which share some 112 
common stratigraphic characteristics (Swager, 1997; Fig. 1). 113 
 114 
The Black Swan Nickel Mine host rock succession is located in the Boorara 115 
Domain (Trofimovs et al. 2006), on the eastern limb of a regional anticline that 116 
plunges gently to the north. The succession faces and youngs to the east, and 117 
dips steeply at about 70o. 118 
 119 
3. Statigraphic - facies architecture 120 
 121 
Outcrop is poor, and almost all the known geology comes from analysis and 122 
interpretation of continuous diamond drill core, and underground and open pit 123 
mine geology. The mine host rock succession has been subdivided informally 124 
into the following stratigraphy  (Hicks and Balff, 1998; Hill et al., 1999, 2004): 125 
- the Footwall felsic succession, or the Lower Felsic Unit, which is overlain by 126 
the 127 
- Black Swan Komatiite, which contains intercalated felsic units known as the 128 
internal felsic succession, or Upper Felsic Unit. 129 
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 130 
The contacts between these stratigraphic units are irregular. The contact 131 
between the footwall felsic succession and the Black Swan Komatiite 132 
undulates, has a central channel-like depression in plan section (Fig. 2), and 133 
in places consists of intercalations of felsic and komatiite units. The 134 
relationships between the internal felsic succession and the enclosing Black 135 
Swan Komatiite are also irregular, with the geometry of the felsic succession 136 
being very irregular (Fig. 2). 137 
 138 
Komatiite and dacite units both range from centimetres to tens and even in 139 
excess of one hundred metres in thickness. The geometry and lateral 140 
continuity of individual komatiite and dacite units and packages of units are 141 
highly variable (Figs. 2, 3). Although some of this is due to faulting, much 142 
appears to reflect an irregular, original emplacement geometry, as evidenced 143 
by rapid lateral changes in numbers of units and thicknesses of units in the 144 
absence of evidence of faults. 145 
 146 
In addition to these stratigraphic-lithofacies units, rare, thin (up to 5 cms) black 147 
shale intervals occur in drill-core within the dacites. These are too localized to 148 
determine if these are in situ very thin (cms) facies intervals, or 149 
inclusions/xenoliths, which given their rarity and lateral discontinuity, they 150 
appear to be. Economically important massive and disseminated nickel 151 
sulphide deposits occur at the footwall contact between the komatiites and 152 
dacites, below it in the dacites, and above it in the komatiites (Barnes et al. 153 
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2004; Dowling et al. 2004).  Although most of the sulphide occurs in komatiite 154 
host rocks, mineable quantities  also occur in the footwall felsic succession.  155 
 156 
4. Contacts between komatiites and dacites 157 
 158 
Preserved contacts between komatiite and dacite are either original intact 159 
contacts or sheared, tectonic contacts. Where the contacts are original and 160 
intact, the komatiite is always coherent and very fine grained, whereas the 161 
dacite is coherent or fragmented at the contact. Komatiite hyaloclastite 162 
breccia and autobreccia have not been found in any drill core. The only 163 
komatiite breccias that occur are in shear zones, or in hydraulically fractured, 164 
intensely carbonate veined zones. Original intact contacts between coherent 165 
komatiite and coherent dacite are planar (Fig. 4a), undulating (Fig. 4b) or 166 
irregular (Fig. 4c, d). Where contacts are planar, the dacite at the contact is 167 
often silicified (Fig. 4a) . The irregular contacts occur at both upper and 168 
bottom contacts of komatiites. They consist of meso-scale apophyses of 169 
komatiite invading dacite or splitting dacite (Fig. 4c) or they are microlobate 170 
komatiite – dacite contacts (Fig. 4d).  171 
 172 
Other contacts between coherent komatiite and dacite are masked by 173 
pervasive alteration. Faulted contacts are marked by a foliated shear zone 174 
that may be centimetres to metres in width. Carbonate veining may also be 175 
pervasive, especially in the komatiiite.  176 
 177 
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The micro-lobate form of many original contacts, marked by apophyses (Fig. 178 
4c, d), indicate dynamic interaction between  komatiite and dacite at those 179 
contacts.  Many contacts are also marked by inclusions of dacite in komatiite 180 
(Fig. 5a-c). Although they occur reasonably commonly at the bottom margins 181 
of komatiites, more importantly in terms of understanding emplacement 182 
processes and relative timing of emplacement between dacites and 183 
komatiites, they also occur at the top contacts of komatiites (Fig. 5b,c), as 184 
also noted by Hill et al. (2004). Although many dacite clasts are angular (Fig. 185 
5b, c), many have irregular, scalloped margins and shapes  (Fig. 5b, c). 186 
Importantly, at no original contacts do the dacites contain komatiite inclusions. 187 
 188 
5. Komatiites 189 
 190 
The komatiites occur in units varying from centimetres  (Fig. 5a) to tens of 191 
metres or more thick (Fig. 3). They are pervasively altered, principally to talc-192 
carbonate, and locally to  serpentine and chlorite.  Carbonate veining is 193 
common, and in places is so intense as to give the komatiite a network texture 194 
with veins bounding angular, blocky clasts of komatiite that are all in situ with 195 
a jigsaw arrangement (e.g. lower segment of core, Fig 5c). 196 
 197 
Where komatiite margins are preserved, they are fine grained and 198 
structureless, and these aphyric marginal zones often grade into very fine 199 
crytic to coarser spinifex textural zones (Fig. 6a), including random to blade 200 
spinifex transitions. Spinifex is usually preserved near unit margins, but 201 
multiple, stacked spinifex horizons, separated by more massive, altered 202 
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(orthocumulate?) intervals occur, all with diffuse rather than sharp unit 203 
boundaries. Locally excellent crescumulate, harrisitic, orthocumulate, 204 
mesocumulate (Fig.  6b), and rare adcumulate textures are preserved within 205 
interiors of komatiite units. Shear zones, marked by a well-developed tectonic 206 
foliation, are common in the komatiites or at their margins. 207 
 208 
6. Dacites 209 
 210 
Most felsic units at Black Swan are dacites, but geochemical compositions 211 
range from dacite to rhyodacite to rhyolite, and indicate a calc-alkaline affinity 212 
(Hill et al., 2004). This compositional spectrum will be referred to as “dacites” 213 
here as this is the dominant lithology and we are interested here in unit 214 
textural characteristics and contact relationships, not detailed compositional 215 
differences that will have had relatively little effect on magma physical 216 
properties or emplacement processes, given the relatively small compositional 217 
variations amongst the felsic rocks at Black Swan, and given that some 218 
compositional variations are the products of alteration.  219 
 220 
In general, two generations of dacites have been identified. The most 221 
common, Group I, is grey to green to white in colour, reflecting varying 222 
degrees of sericitic, chloritic and silicification alteration (e.g. Figs 4, 5). These 223 
dacites are poorly to moderately porphyritic, and show varying degrees of 224 
tectonic fabrics from none to pervasively foliated in shear zones.  These 225 
dacites are marked by 10 to 20% plagioclase phenocrysts, that are variably 226 
replaced by sericite, carbonate and chlorite, and a quartz phenocryst content 227 
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ranging from 5 to 15%. The groundmass is a microcrystalline quartzo-228 
feldspathic granular mosaic that is also commonly replaced by sericite, 229 
chlorite and carbonate. The dacites are almost totally devoid of vesicles or 230 
amygdales. The second group of dacites, Group II, is a minor component of 231 
the preserved rock succession. There are two variants of Group II dacites, 232 
one of which is consistently pink in colour, coherent and highly porphyritic, 233 
with up to 50% plagioclase phenocysts that are up to 5 mm in length, whereas 234 
the other is sparsely porphyritic and white and silicified. This second group of 235 
dacites occurs in bodies that vary from a metre to several tens of metres thick 236 
and are generally tabular. Group II dacites are not tectonised  and therefore 237 
appear to have been emplaced late, after the first group of dacites, the 238 
komatiites, and the main events (folding, faulting, metamorphism, 239 
mineralization, alteration) that have affected these. The second group of 240 
dacites will not be discussed further here, other than to suggest that because 241 
of their consistently massive, coherent, structureless, and crystalline 242 
character, they are interpreted as post-tectonic dyke and sill intrusions. 243 
 244 
The margins of Group I dacite units, where preserved in original form, vary 245 
from planar to irregularly lobate (Figs 4, 5). Where contacts are irregular, 246 
lobes of dacite and adjacent komatiite are complementary, they can have very 247 
intricate forms and can be as little as millimetres (Figs 4d, 5a) to many 248 
centimetres in amplitude (Fig. 4c).  249 
 250 
The dacite units vary from being totally coherent to pervasively brecciated 251 
(Fig. 7). Totally coherent dacite units are not common, and vary from 252 
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centimetres thick (Fig. 5a) to many metres thick (Fig. 3). More commonly, 253 
dacite units show varying degrees of internal brecciation, consisting of part 254 
coherent domain(s) and part fragmental domain(s). A common textural 255 
gradation is from a coherent margin into a brecciated interior (Fig. 7a). This 256 
gradation is marked by a transition from coherent dacite to cryptic jig-saw fit 257 
breccia (Fig. 7b) to obvious jig-saw fit breccia (Fig. 7b, c), to almost apparent 258 
matrix supported breccia (Fig. 7a, c), and in places even apparent 259 
conglomerate  (Fig. 7c). In matrix-supported breccias, the matrix is generally 260 
dominated by chlorite and sericite. Both breccias and apparent conglomerates 261 
are massive and structureless. They show no bedding at all. Clast sizes in the 262 
breccia facies vary from sand to boulder size, but pebble to small cobble size 263 
(2mm – 10 cm) is the most common. 264 
 265 
In addition, Hill et al. (1999; 2004) reported “tuffs” in the succession. We have 266 
examined samples of core intervals identified in Hill et al. (1999) as tuffs and 267 
found that all but one are variably porphyritic coherent rocks. One sample is 268 
fragmental, consisting of non-vesicular fragments of dacite, with slightly 269 
varying textures. There is insufficient information to define this sample as a 270 
pyroclastic tuff, and there are no other facies in the succession even remotely 271 
similar to a pyroclastic deposit. 272 
 273 
Clast shapes and relationships in the breccias and conglomerates also vary 274 
enormously. Commonly clasts are blocky, angular to roundish in shape (Fig. 275 
8a). These commonly have obvious jig-saw fit relationships with texturally 276 
identical neighbouring clasts (Fig. 7c, 8a). In addition, round and roundish 277 
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shaped clasts occur in association with angular clasts, also in jig-saw fit 278 
relationship (Fig. 8a). Fractures between clasts are only fractions of 279 
millimetres to 1-2 millimetres wide, and are filled with chlorite and/or sericite, 280 
and in places tabular crystals of chloritoid up to a centimetre long. Round 281 
clasts in clast-supported to apparent matrix-supported fabrics with more 282 
abundant matrix is also common (Fig. 7c). Some clasts can be unusually 283 
irregular in shape, including curved, pear shaped, hour glass shaped, multi-284 
lobate, and highly irregular (Fig. 8b, c, d). In these cases, clast outlines can 285 
vary from sharp at one side to highly diffuse and/or irregular at the other side, 286 
often marked by a diffuse, gradational colour change from clast into apparent 287 
matrix (Fig. 8c). In all of these cases, clasts can be demonstrated to be in jig-288 
saw fit arrangement, and/or have gradational relationships into domains with 289 
clear jig-saw fit clast textures. 290 
 291 
In all cases, the relationships between textural facies variants are gradational.  292 
There is no bedding, and there are no sharp contacts between coherent and 293 
breccia textural zones, or between the different types of breccias. 294 
 295 
7. Alteration and effects on texture 296 
 297 
As already indicated, alteration has been widespread in both the komatiites 298 
and dacites. In the komatiites, the most common alteration is talc-carbonate 299 
alteration, producing porphyroblasts of magnesite, dolomite and veins of 300 
carbonate (dolomite). However, the komatiite is locally serpentinised, causing 301 
the drill core to be extremely dense and locally causing excellent preservation 302 
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of original cumulate texture. At or near contacts with dacites, the komatiite 303 
may be silicified or chloritically altered. All of these alteration effects have 304 
however preserved the essentially coherent nature of the komatiites. Breccia 305 
Breccia-textured intervals are clearly hydraulic fracture or tectonic in origin, 306 
and marked by network carbonate veining and/or shearing. 307 
 308 
The dacites are pervasively affected by sericitic alteration, especially of 309 
feldspar phenocrysts and microgranular feldspar crystals in the groundmass. 310 
Chlorite alteration and silicification may be intense locally, especially near 311 
contacts with komatiite units. Carbonate, mostly dolomite, but also magnesite 312 
in the komatiites at contacts between komatiites and dacites, is disseminated 313 
throughout the succession. However, alteration m y be very domainal, and 314 
localized.  Pyritic alteration varies from non-existent to local, and is usually not 315 
intense where it occurs. In addition, locally chloritoid crystals occur, especially 316 
in alteration seams of sericite between jigsaw-fit clasts, and in the margins of 317 
clasts adjacent to these seams. 318 
 319 
7.1. Effects of alteration on texture in coherent dacites 320 
 321 
All the coherent dacites are affected by pervasive, background, sericitic 322 
alteration, which renders the dacite a grey to pale greenish grey colour. 323 
Alteration can also be extraordinarily localized, producing secondary, 324 
apparent pseudo-clasts of alteration origin in what is otherwise a clearly 325 
coherent unit. In some cases, this alteration is diffuse, and apparent clasts are 326 
poorly defined, and clearly recognisable as patchy alteration (Fig. 9a). In other 327 
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cases, alteration induced apparent clasts are more sharply defined by a 328 
colour difference, but are texturally identical to the coherent dacite that hosts 329 
them (Fig. 9b). Such alteration patches, or alteration pseudo-clasts can be 330 
regular or irregular in shape (Fig. 9b), and can occur as single, isolated 331 
pseudo-clasts (Fig. 9b), or as clusters or domains of pseudo-clasts occurring 332 
in otherwise coherent porphyritic dacite above and below (Fig. 9c). 333 
 334 
7.2. Effects of alteration in dacite breccias 335 
 336 
Although some dacite units, or intervals of dacite units, are visibly coherent, 337 
there is a transition from textural zones that are totally coherent, with or 338 
without pseudo-clasts, to textural zones with cryptic, diffuse fracture networks, 339 
to visible fracture bound breccia domains. In the true breccia domains, there 340 
are also significant effects of alteration in modifying texture, especially clast 341 
shapes, margins and size. These effects vary from enhancement of fracture 342 
width by alteration of clast margins, usually by sericite, which also fills original 343 
fractures as a cement or vein (e.g. Figs 7b, c; 8a). In places the alteration of 344 
clast margins produces irregular shaped clasts with diffuse margins that are 345 
gradational into the alteration sericite domains between clasts (Fig. 8c, d). 346 
Alteration (sericitic, chloritic, pyritic, chloritoid, and silicification) can also be 347 
more pervasive in overprinting clasts and their boundaries, producing 348 
secondary apparent, or pseudo-clasts that are totally of alteration origin and 349 
different in colour to the original clast aggregate which still has the same 350 
porphyritic texture as the host dacite (Fig. 8d). Alteration of both primary 351 
breccia clasts and the formation of secondary pseudo-clasts may even 352 
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produce multi-coloured breccia textures, that superficially gives the 353 
impression of being polymictic because of the colour variations. However, 354 
these clast aggregates are monomictic, porphyritic dacite, and have jig-saw fit 355 
clast relationships, even where round clast forms are present. Multi-coloured, 356 
apparent conglomerate occurs where core has been exposed to weathering in 357 
the upper trays of stacks of core, or in the upper parts of drill core drilled in the 358 
weathering profile of bedrock. The apparent polymictic intervals are clearly 359 
monomictic where weathered core surfaces are turned over to reveal fresh 360 
core faces, and where apparent polymictic units grade down into unweathered  361 
fresher core. Apparent conglomerate intervals can always be traced 362 
gradationally into jig-saw fit breccia and then in places into coherent dacite. 363 
Therefore, since these pseudo-conglomerates are not bedded, they are not 364 
true sedimentary conglomerates, but can only be of secondary alteration 365 
origin. No bedding has been seen in any clastic facies, including the apparent 366 
conglomerates. 367 
 368 
8. Interpretation and discussion 369 
 370 
The felsic facies intervals have been interpreted by Hill et al. (1999) as a 371 
succession of lavas, associated hyaloclastite breccias, and minor pyroclastic 372 
deposits erupted in a shallow marine to subaerial setting. The intercalated 373 
komatiites have also been interpreted as lavas, and the chronology proposed 374 
is initial felsic lava eruptions succeeded by initial komatiite volcanism and then 375 
co-eval felsic and komatiite volcanism (Hill et al., 1999). Unfortunately, Hill et 376 
al. (2004) do not describe the felsic facies, and no reasons are given for either 377 
Page 17 of 69
Ac
ce
pte
d M
an
us
cri
pt
the felsic facies or the komatiite facies being lavas, nor for the volcaniclastic 378 
felsic facies being hyaloclastite.  379 
 380 
The principal characteristics of the dacites that must be accounted for are: 381 
• thin (cms to metres) to very thick (tens of metres or more) dacite units 382 
• some dacite units are entirely coherent 383 
• although some dacite units are pervasively brecciated, some are coherent at 384 
the margins, but brecciated internally 385 
• gradations from coherent to jig-saw fit to matrix supported breccia textures 386 
• apparent conglomerate textures gradational into jig-saw fit and/or coherent 387 
texture 388 
• highly irregular and diffusely bounded clast shapes in 389 
breccias/conglomerates 390 
• total lack of bedding in the breccias and apparent conglomerates 391 
• lack of vesicles 392 
 393 
8.1. Are the dacite units lavas? 394 
 395 
First, calc-alkaline dacite (felsic) lavas are typically high aspect ratio lava 396 
domes and coulees (e.g. Manley 1996; de Silva et al., 1994; Nairn et al., 397 
2001), because of their high viscosity (> 109 Pa s). Emplacement viscosities 398 
would have been high because of high inherent compositionally determined 399 
magma viscosity, which would have been enhanced by sub-liquidus 400 
emplacement temperatures, indicated by most of the dacites being 401 
porphyritic. Thin calc-alkaline dacite units centimetres to only metres thick, as 402 
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occur in the Black Swan sequence, cannot be lavas. They are therefore dykes 403 
or sills, or are separated slivers of a once thicker, coherent body that has 404 
been intruded and dismembered by intervening intrusions, which in this case 405 
would have to be komatiite intrusions, or, they are fault slices. Most dacites 406 
are not bound by faults, so faulting is not considered a valid explanation for 407 
the majority of thin dacites.  408 
 409 
Secondly, felsic lavas commonly can be expected to have autobrecciated 410 
margins because of their high viscosity (e.g. Watts et al. 2002).  Autobreccias 411 
of viscous felsic lavas are typically coarse, angular boulder breccias with jig-412 
saw fit to clast-rotated textures (e.g. Cas and Wright 1987; Fig. 10a). In 413 
addition, high relief lava domes commonly have very coarse, boulder breccia 414 
talus and pyroclastic deposit aprons. Boulder size breccias are rare in the 415 
Black Swan succession, and no breccias appear to be either autobreccias nor 416 
lava talus breccias, which is extremely unusual if the dacites were emplaced 417 
as lavas.  418 
 419 
Where quench fragmentation has occurred in subaqueous settings, there will 420 
be a well-developed carapace of hyaloclastite breccia as well (e.g. De Rosen-421 
Spence et al., 1980; Furnes et al., 1980; Yamagishi, 1987). Quench 422 
fragmentation in aqueous environments may produce hyaloclastite breccias 423 
with a wide variety of grainsize assemblages and textural configurations. 424 
Blocky to curvi-planar shaped, pebble to boulder size clasts are common, but 425 
widespread quench fragmentation produces breccias ranging in grainsize 426 
from boulder to fine sand (e.g. Fig. 10b). Commonly they have a very poorly 427 
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sorted appearance, with a considerable proportion of pebble to sand-size 428 
matrix (e.g. Hanson and Schweikert, 1982; Yamagishi, 1987; Hanson and 429 
Wilson, 1993; McPhie et al., 1993). At Black Swan, fine matrix-rich breccias 430 
are rare, and where they occur the matrix is of alteration origin, dominated by 431 
chlorite and sericite, not abundant quench fragmented dacite debris. The 432 
abundant breccias at Black Swan are structureless, and not bedded, 433 
consisting of pebble to cobble size, in situ, jig-saw textured clast aggregates. 434 
Given the number of felsic units in the succession, if they were lavas, some 435 
resedimentation of hyaloclastite, and resultant stratification would be expected 436 
(cf. Pichler, 1965). 437 
 438 
A major anomaly about a lava interpretation for the felsic units at Black Swan 439 
is the common occurrence of felsic units with coherent margins, which grade 440 
into brecciated interiors. This is contrary to all expectations about subaqueous 441 
felsic lavas, which would normally have autobrecciated and quench-442 
fragmented margins, and more coherent interiors. 443 
 444 
In addition, the dacites at Black Swan totally lack vesicles, which is quite rare 445 
in calc-alkaline felsic lavas, which commonly can be highly vesiculated around 446 
the margins (e.g. Fink 1983). 447 
 448 
Therefore, based on unit geometry and textural characteristics, it seems that 449 
the dacites at Black Swan are unlikely to be lavas. 450 
 451 
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8.2. The origin of jig-saw fit breccia textures: hydraulic fracturing  and 452 
alteration  453 
 454 
The only means of producing jig-saw fit textures in coherent lavas and sub-455 
volcanic sills and dykes are autobrecciation, quench fragmentation, 456 
hydrothermal hydraulic brecciation and tectonic shearing. Although there are 457 
high strain shear zones with a preferred clast fabric in the Black Swan 458 
succession, the breccias away from these show no evidence of tectonic 459 
strain. We have argued above that the breccias (and apparent 460 
conglomerates) are not autobreccias, hyaloclastites and sedimentary clastic 461 
rocks. This leaves hydrothermal fluid induced hydraulic fracturing as the most 462 
feasible fragmentation mechanism for the breccias. 463 
 464 
Hydraulic fracturing occurs where the fluid pressure of an invading fluid 465 
exceeds the tensile strength of a rock, and in the subsurface, also the 466 
minimum principal stress component of the lithostatic pressure (Phillips 1972; 467 
Cas and Wright, 1987). Where areas of the crust are saturated with water the 468 
pore fluid pressure reduces the lithostatic pressure components by the value 469 
of the pore fluid pressure (Sibson 1990, Clark and James 2003). Jébrak 470 
(1997) has reviewed the range of physical  and chemical processes that can 471 
operate during hydraulic fracturing. Some of these may occur under tectonic 472 
regimes, others may occur only where hydrothermal fluid systems operate. 473 
 474 
Hydraulic fracturing can be localized, or pervasive. Hydrothermal hydraulic 475 
fracturing is common in near vent volcanic and sub-volcanic intrusive settings, 476 
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where high volatile contents and the heat of the magma system induces 477 
circulation of pressurized hydrothermal and heated meteoric waters.  If the 478 
pressure of hydrothermal systems exceeds the tensile strength of the host 479 
rock succession, the fluids can propagate a network of fractures through the 480 
country rock. The specific processes that operate include fluid-assisted 481 
brecciation, impact brecciation, volume reduction, and volume expansion 482 
(Jébrak 1997). The propagation of such fractures may cause the fluid 483 
pressure gradient to equilibrate, and perhaps fluid flow through the fracture 484 
system is short-lived, and hydrothermal minerals are precipitated in the 485 
fractures as a cement, thus occluding the fracture porosity. Fluid flow may 486 
thus be terminated, or diverted to zones in the fractured country rock where 487 
perhaps fractures were more dilated, and which thus act as longer term 488 
hydrothermal fluid conduits. Long term fracture fluid conduit systems are likely 489 
to allow chemical reaction to occur between the hydrothermal fluids and the 490 
country rock bounding the fractures, and in time chemical reactions and 491 
alteration of that country rock from the fracture margins inwards is likely to 492 
occur, which Jébrak (1997) calls chemical corrosion. In addition, porosity may 493 
exist between the faces of crystals and groundmass, which also allows fluids 494 
to permeate and diffuse through a rock. If alteration is not pervasive or 495 
consistent in its intensity, a patchy domainal alteration may develop, 496 
producing modification of original hydraulic (or for that matter autoclastic) 497 
texture and clast shapes, or even producing pseudo-clastic textures in 498 
coherent lavas and intrusions (e.g. Allen, 1988).  499 
 500 
 501 
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8.3. The origin of apparent conglomerate textures 502 
 503 
Although blocky, and curvi-planar splinter shaped clasts occur, round clasts 504 
are common in the breccias and apparent conglomerates at Black Swan. 505 
Round forms are commonly formed during perlitic fracturing of silicic volcanic 506 
rocks (e.g. Davis and McPhie 1996). However, although some perlite 507 
fracturing has been observed in the Black Swan dacites, it is rare, and the 508 
common round clast forms in the Black Swan felsic fragmental rocks do not 509 
have the typical, multiple sub-parallel concentric fracture patterns that typically 510 
mark perlitically fractured felsic rocks. Round clast forms are common where 511 
alteration is advanced, and there are intervals of drill core where there is a 512 
gradation from coherent to cryptic in-situ fractured breccia, to clearly 513 
developed in situ jig-saw fit breccia, to round clast form, matrix rich to matrix 514 
supported breccias, with an aspect of apparent conglomerates. 515 
Conglomerates that are gradational from coherent rocks are impossible to 516 
explain by surface sedimentary processes. True sedimentary conglomerates 517 
are produced by continuous, tractional reworking. Clasts are not abraded and 518 
rounded in situ in their source bedrock and then still preserve gradational 519 
relationships with that source rock. They are transported distances from 520 
source, and overlie bedrock with marked erosional discordance. During 521 
reworking away from their source bedrock they develop a polymictic 522 
composition. True conglomerates, whether deposited in tractional 523 
environments such as river beds or shorelines, or resedimented from such 524 
environments into deep water by mass flow processes, are bedded at varying 525 
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scales; the Black Swan apparent conglomerates are completely unbedded as 526 
are the other fragmental rocks.  527 
 528 
The round clasts often have diffuse and irregular outlines, from microscopic to 529 
macroscopic scales, some having irregular apophysis-like protrusions that 530 
would clearly be broken off if they were subjected to sedimentary tractional 531 
reworking. These irregular margins are usually enclosed in a chlorite-sericite 532 
matrix. As noted above, clast margins are often diffuse with a colour and 533 
textural gradation from felsic clast to sericite-chlorite matrix. Diffuse contacts 534 
and irregular apophysis like protrusions cannot be produced by surface 535 
sedimentary or primary autoclastic volcanic processes, and can only have 536 
been produced by alteration overprint, mostly by sericite and chlorite. Where it 537 
is possible to define original clast margins, especially in core intervals 538 
showing a gradation from coherent dacite to jigsaw fit breccia to apparent 539 
conglomerate, it seems that clasts originally had a jig-saw fit texture, and that 540 
these breccias were invaded along bounding fractures by hydrothermal fluids, 541 
which progressively altered and replaced original clast margins inwards (cf. 542 
spheroidal weathering from joint block margins inwards), modifying preserved 543 
shapes and preserving the round, unreplaced cores of original clasts, or more 544 
irregular variants of these. This incomplete, domainal alteration has produced 545 
apparent or pseudo-breccia and conglomerate textures. Allen (1988) and 546 
McPhie et al. (1993) have shown that this type of domainal alteration can be 547 
widespread in felsic volcanic and sub-volcanic rock systems, producing 548 
widespread, misleading, apparent fragmental textures in coherent rock bodies 549 
and successions. 550 
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 551 
The secondary mineral assemblage present in Black Swan felsic succession 552 
of sericite-chlorite-albite-carbonate is consistent with the regional lower 553 
greenschist facies metamorphic grade. However, this assemblage can also be 554 
produced by hydrothermal alteration. The occurrence of chloritoid, although 555 
commonly associated with high grade metamorphic terrains, is also the 556 
product of low grade metamorphism of hydrothermal alteration assemblages 557 
(e.g. Franklin et al. 1975, Morton and Nebel 1984, Sharpe and Gemmell 558 
2001). 559 
 560 
 561 
8.4. The source of hydrothermal fluids and the timing relationships between 562 
dacites and komatiites 563 
 564 
If hydraulic fracturing by hydrothermal fluids is the origin of the breccias, then 565 
what is the source of the hydrothermal fluids? In the Black Swan mine 566 
sequence there is no known source of hydrothermal fluids other than the 567 
dacites and komatiites. This leads us to the relationships between the dacites 568 
and the komatiites and the timing of their emplacement. 569 
 570 
As summarized above, where original margins of komatiites are preserved, 571 
both their top and bottom contacts are fine grained, chilled margins, and all 572 
komatiites are coherent, apart from fault brecciation and zones with abundant 573 
carbonate veins due to hydraulic fracturing. There are no komatiite 574 
hyaloclastite or autobreccia present in any core, which is unusual if the 575 
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komatiites were submarine lavas. The lobate form of some dacite-komatiite 576 
contacts suggests a fluidal interaction, probably through a thermal 577 
assimilation origin, and since komatiites were significantly hotter (1400-578 
1650oC) than sub-liquidus dacites (850oC?), it is most likely that the source of 579 
the thermal assimilation was the komatiites being emplaced into or onto the 580 
dacites. Also, whereas the komatiites display chilled margins, the dacites do 581 
not. Since clasts of dacite occur in the komatiites, at both top and bottom 582 
contacts, but clasts of komatiite do not occur in the dacites, this indicates that 583 
the komatiites were emplaced after the dacites. The dacites do not have 584 
contact chilled margins, some are too thin to be lavas, and there is no 585 
evidence of autobrecciation or quench fragmentation. They were therefore not 586 
emplaced as a succession of lavas. They were emplaced before the 587 
komatiiites as part of a major coherent sub-surface felsic sill complex. The 588 
komatiites were then intruded as sills, dykes and narrow apophyses, into this 589 
solidified dacite sill complex, splitting  and dismembering it. This explains the 590 
highly irregular geometry of both komatiite and felsic units, the extremely thin 591 
units of both dacite and komatiite that occur in parts of the Black Swan 592 
succession, the lack of autobreccias and hyaloclastite, and the inclusions of 593 
dacite in komatiite, but not vice versa. Critical to an intrusive origin for the 594 
komatiites intruding the dacites is the common occurrence of inclusions of 595 
dacite at the top contacts of the komatiites. 596 
 597 
Hill et al. (1999) note the occurrence of dacite inclusions in both the tops and 598 
bottoms of komatiites. Clasts in the base of lava flows are easy to explain by 599 
substrate erosion, but clasts in the tops of lavas is less easy to explain. Hill et 600 
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al. (1999) interpret these to have been derived from the base of komatite 601 
lavas flowing over felsic substrate with clasts then being transferred to the 602 
tops of komatiite lavas during flow inflation. However, it would seem easier to 603 
derive clasts in the top of dense komatiites from the felsic roof rock of 604 
intruding komatiite sills. Scalloped, or irregular clast margins suggest thermal 605 
and/or mechanical incorporation of dacite clasts into the komatiites and then 606 
varying degrees of thermal assimilation of these clasts by komatiite. Barnes et 607 
al. (2004) have noted that evidence of chemical contamination of the 608 
komatiites by dacite is well defined where such clasts are abundant, 609 
consistent with some degree of thermal assimilation of lower melting 610 
temperature dacite by hot komatiite. 611 
 612 
At the world class Mt. Keith Nickel Mine, further north in the Eastern 613 
Goldfields Province, Rosengren et al. (2005) have demonstrated that the thick 614 
dunitic komatiite succession with its well developed adcumulate, 615 
mesocumulate and orthocumulate textures, is intrusive in origin, in that case 616 
into a submarine felsic volcanic and volcaniclastic succession. There the 617 
upper contacts of the komatiites also contain dacite xenoliths derived from the 618 
felsic roof rocks and apophyses of komatiite intruding into the overlying 619 
dacites (Rosengren et al., 2005). Trofimovs et al. (2003) re-interpreted the 620 
Perseverance dunitic komatiite and associated dacites to be an intrusive 621 
association. Trifomovs et al. (2004a) have also documented intrusive 622 
relationships between komatiites and massive porphyritic dacites in excellent 623 
pavement exposure at the Gordon locality, approximately 10 kms along strike 624 
to the south from the Black Swan Mine in the Boorara Domain. It is thus 625 
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becoming clear that intrusive komatiites are more common in the Eastern 626 
Goldfields Province than previously thought, and that these are capable of 627 
hosting major ore deposits. Nonetheless, extrusive komatiites are also 628 
widespread (e.g. Kambalda, Kanowna Dam). 629 
 630 
Cas et al. (1999) have demonstrated by modeling that it would have been 631 
impossible for the advancing flow fronts of komatiite lavas to be more than a 632 
few metres thick, and generally no more than a few tens of centimetres thick, 633 
because of the low viscosity of komatiite magmas and hydraulic head 634 
controls. Even allowing for flow inflation it seems unlikely that komatiite lavas 635 
could inflate to more than a few tens of metres thick, given that basalt lavas, 636 
which have a magma viscosity 100 to 1,000 times greater than komatiite 637 
magma, rarely develop thicknesses greater than a few tens of metres, even 638 
when flow inflation is involved. Since some komatiite units at Black Swan are 639 
in excess of 100 metres thick, it is extremely unlikely that they were extrusive 640 
in origin. Intrusions can inflate to any thickness because they  are confined in 641 
solid rock, and are not subject to hydraulic head-viscosity controls on 642 
thickness, such as in lavas. An intrusive origin for the komatiites is therefore 643 
also consistent with the maximum thickness of the komatiites in the 644 
succession. The local development of both coarse locally developed 645 
adcumulate and mesocumulate are also consistent with the slower cooling 646 
and crystallization rates in intrusions. 647 
 648 
The only identifiable source for hydrothermal fluids in the Black Swan felsic 649 
successions appears to be the later, intruding, mineralised komatiites, unless 650 
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there is a deeper, as yet unknown source. In some cases the fluids caused 651 
pervasive hydraulic fracturing of felsic units, producing the widespread cryptic 652 
to well-defined breccia textures. In many cases, one or both margins of dacite 653 
units are coherent and the rest or just the interiors are brecciated. Where one 654 
or both margins of dacite units are coherent, this is interpreted to have 655 
resulted from initial contact metamorphic “case hardening” of these margins 656 
by the very hot intruding komatiites, probably involving silicification and 657 
recrystallisation. Some entirely coherent dacite units are pervasively silicified, 658 
supporting this suggestion. Hydrothermal fluids then fractured into and 659 
invaded less competent parts of dacites, including interiors, which they 660 
hydraulically fractured to be able to propagate through them. In places this led 661 
to pervasive hydraulic fracturing, forming the range of breccia textures 662 
described, as well as intense alteration and replacement by sericite, chlorite, 663 
carbonate and chloritoid, that produced the apparent matrix and even 664 
conglomerate textures described. 665 
 666 
9. Conclusions 667 
 668 
1. The Black Swan Mine succession is interpreted to represent an intrusive 669 
association of dacites and komatiites, like other intrusive dacite-komatiite 670 
associations in the Eastern Goldfields Province of Western Australia, at 671 
Gordon, Perseverance and Mt. Keith. 672 
 673 
2. The extremely thin nature of some dacite units is inconsistent with  them  674 
being lavas,  which is also  supported by lack of autoclastic textures. 675 
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 676 
3.  Contact relationships between the dacites and the komatiites indicate the 677 
komatiites post-dated the dacites. The komatiites have chilled margins, the 678 
dacites don’t; the komatiites contain inclusions of dacite, but  the reverse does 679 
not occur. 680 
 681 
4. The breccia and conglomerate textures in the dacites are inconsistent with 682 
autoclastic and sedimentary origins, and were produced by hydraulic 683 
fracturing caused by hydrothermal fluids, probably originating from the 684 
mineralized komatiites. 685 
 686 
 687 
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Figure captions 931 
 932 
Fig. 1. Geological context and setting of the Black Swan Nickel Mine komatiite 933 
and dacite host rock association in the Boorara Domain, Kalgoorlie Terrane, 934 
Eastern Goldfields Province, Yilgarn Craton (after Trofimovs et al., in press). 935 
 936 
Fig. 2. Geology of the Black Swan Nickel Mine host rock succession.  10950 937 
RL plan section. The grid is local mine grid. Courtesy Zoe Jackson, Black 938 
Swan Mine, Lionore. 939 
 940 
Fig. 3. Detailed representative logs of diamond drill holes through the Black 941 
Swan Mine host rock succession, arranged from south to north (a) DDH 942 
BSD86, (b) DDH BSD101. The two drill holes are only 150 m apart. Note the 943 
significant variations in the thickness of both dacite and komatiite units, and 944 
the significant along strike lateral variations. 945 
 946 
Fig. 4. Contact relationships between coherent komatiite and coherent dacite 947 
(a) Planar contact, with highly silicified dacite; DDH BSD116, 254m (b) 948 
Undulating contact between fine grained komatiite and coherent to slightly 949 
brecciated dacite DDH SUD, 674 62m. (c) Multiple apophyses of komatite 950 
splitting dacite at contact, DDH BSD87, 290m. (d) Dacite inclusion (? in situ) 951 
at the base of a komatiite unit, and microlobate, assimilating contact with 952 
underlying coherent dacite. Stratigraphic top to the left. DDH BSD87, 177m 953 
(e) Faulted contact between orthocumulate (texture visible left of vein at 954 
contact) and sheared, altered dacite (right) BSD119A. (f) Gradational contact 955 
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between dacite (left) and komatiite (right) due to chlorite alteration overprint.  956 
SUD655, 51m. 957 
 958 
Fig. 5. Dacite clasts incorporated into komatiite units at contacts. (a) Note the 959 
multiple small dacite fragments (grey) in a very thin komatiite unit (centre) 960 
between two thin dacite units, in the central rod of core. Stratigraphic top is to 961 
the left. DDH BSD87, 170m. (b) Hydraulically fractured dacite dismembered 962 
by intruding komatiite. Stratigraphic up to the right of each core interval. The 963 
top of the komatiite in the uppermost rod of core has incorporated clasts of 964 
overlying dacite into its top, indicating an intrusive relationship. DDH BSD153, 965 
227m. (c) Clasts of dacite from the base of a dacite (right) included as clasts 966 
in the top of a komatiite (left). Stratigraphic top to the right. DDH BSD153, 967 
216.85m.  968 
 969 
Fig. 6. Representative komatiite textures  (a) spinifex in silicified komatiite, 970 
DDH BSD79, 144.5m, and (b) coarse meso- and cres-cumulate textures, 971 
DDH BSD71, 223.5m.  972 
 973 
Fig. 7. Internal textural gradations in dacite. (a) Planar contact between 974 
komatiite and coherent dacite (right side, bottom core rod) grading into jigsaw 975 
dacite breccia (second bottom core rod) into apparently polymictic, matrix rich 976 
breccia (upper core rods) DDH BSD83, 127m. (b) Coherent dacite (lower core 977 
interval) to breccia transition in one dacite unit.  DDH BSD119, 394m. (c) 978 
Overview of variations from massive to cryptic breccia, to angular, blocky 979 
shaped, jig-saw fit clast breccia domains to round clast, more matrix-rich clast 980 
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domains. The relations between such domains are gradational. DDH BSD154, 981 
98.5 – 104m.  982 
 983 
Fig. 8.  Dacite clast shapes. (a) Blocky clasts in matrix poor breccia (bottom) 984 
to round clast forms in in situ breccia (middle), to round clast forms in 985 
apparent matrix rich pseudo-conglomerate resulting from clast margin 986 
replacement by chlorite. Note diffusely defined clast margins and jigsaw fit 987 
even where matrix is abundant. DDH BSD154, 93.5 – 98m. (b) Highly 988 
irregular, dumb-bell shaped clast in jig-saw fit clast aggregate. Such a clast 989 
could not have developed its shape by reworking, and could not be 990 
transported and rounded without breaking, which is contrary to the jig-saw 991 
arrangement. DDH BSD154, 93.5 – 98m. (c) Irregular margin to round clast 992 
(centre) due to clast margin replacement by chlorite and sericite. Jigsaw clast 993 
arrangements are discernible throughout the field of view. DDH BSD154, 98.5 994 
– 104m. (d) Irregular clast shapes associated with a zone of intense chlorite 995 
alteration. DDH BSD98I, 458-462.8m.  996 
 997 
Fig. 9. (a) Diffusely defined alteration patches or pseudo-clasts in coherent, 998 
porphyritic dacite. The colour variation is due to varying degrees of sericitic 999 
alteration. DDH SUD658, 7m. (b) Apparent irregular clast in coherent 1000 
porphyritic dacite, defined by a localized domain of higher sericitic alteration. 1001 
DDH SUD658, 25m. (c) Cryptic irregular to round pseudo-clasts defined by 1002 
localized stringers of sericitic alteration. Note at right hand end of core there is 1003 
diffuse stringer sericite alteration DDH BSD86, 404.5m.  1004 
 1005 
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Fig. 10 (a) Boulder size dacite lava autobreccia, Neokameni Island, Santorini. 1006 
Note the lack of fine debris. (b) Profile through a submarine dacite lava dome, 1007 
showing the boulder to pebble size of the marginal hyaloclastite breccia, 1008 
Miocene, Kariba, Hokkaido, Japan. 1009 
 1010 
 1011 
 1012 
 1013 
 1014 
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